ABSTRACT Reproduction in bark beetles (Coleoptera: Scolytidae) is known to be affected by abiotic factors, especially temperature, and by the quality of individual beetles. Both of these factors are affected by forest structure, yet the effects of forest structure on reproduction in bark beetles have not been widely shown in Þeld studies. Here we investigate how changes in forest structure due to thinning of mature lodgepole pine, Pinus contorta variety latifolia Engelmann, stands affect reproduction in pine engravers, Ips pini (Say), breeding in felled trees. To do this, we excavated pine engraver gallery systems in thinned and unthinned stands at the end of the breeding season. Males in thinned stands attracted more females than in unthinned stands. Also, females in thinned stands extended their egg galleries farther, laid more eggs, and had higher egg densities than in unthinned stands. These results are consistent with increased temperatures in thinned stands, but may also be attributable to differences in individual quality resulting from easier dispersal in thinned stands. Regardless, the observed increases in reproduction likely reßect higher reproductive success in thinned stands than in unthinned stands, and the effects of thinning on population dynamics of bark beetles should be further investigated.
THINNING OF MATURE forests has been used to minimize attacks of live trees by bark beetles (Coleoptera: Scolytidae) (Schmitz et al. 1989 ), but the mechanisms by which bark beetles are deterred are not clear. One possibility is that the increased vigor of trees prevents successful bark beetle attack (Mitchell et al. 1983 ), but microclimate may also be an important inßuence (Amman et al. 1988) . In this study, we examine how changes in forest structure due to thinning inßuence bark beetle success by focusing on beetles breeding in felled trees where tree defenses are eliminated.
Forest thinning is likely to affect reproduction in bark beetles breeding in felled trees for several reasons. First, reduced tree density and canopy closure make thinned stands warmer than unthinned stands (Bartos and Amman 1989; Schmid et al. 1991 Schmid et al. , 1992a Schmid et al. , 1992b Bartos and Booth 1994; Hindmarch and Reid 2001) . Controlled lab experiments have shown that as temperature increases, female bark beetles extend their egg galleries farther (Reid 1962 , Sahota and Thomson 1979 , Wagner et al. 1981 , lay more eggs (Wagner et al. 1981, Wermelinger and Seifert 1999) , have higher egg densities (Amman 1972 , Wagner et al. 1981 , and lay their Þrst egg earlier (Sahota and Thomson 1979) . However, in a Þeld study, Villa-Castillo and Wagner (1996) found that increased temperature due to thinning resulted in shorter egg galleries and lower egg densities.
Thinning may also affect reproduction in bark beetles indirectly by reducing dispersal costs in terms of fat content of individual beetles relative to unthinned stands (Hindmarch 1999) . Large females, which typically have higher fat content than do small ones (Wagner et al. 1981 , Anderbrant 1988 , extend their egg galleries farther (Clarke et al. 1979 , Wagner et al. 1981 and lay more eggs (Amman 1972 , Clarke et al. 1979 , Wagner et al. 1981 ) than do small females.
However, density effects also inßuence reproduction in bark beetles regardless of temperature or fat content of beetles. At higher breeding densities, females do not extend their egg galleries as far as in less crowded situations (Knight 1969, Robins and Reid 1997) and lay fewer eggs (Knight 1969 , Amman 1972 . The number of offspring produced per female at high densities is much lower than at low densities (Anderbrant et al. 1985 , Kirkendall 1989 , Robins and Reid 1997 , as are offspring size and fat content (Botterweg 1983 , Anderbrant et al. 1985 , Anderbrant and Schlyter 1989 .
In this study, we compare reproduction of pine engraver bark beetles, Ips pini (Say), in felled trees in thinned and unthinned mature lodgepole pine, Pinus contorta variety latifolia Engelmann, stands while taking into account breeding density. Male pine engravers excavate nuptial chambers in the phloem layer upon arriving at a recently dead or dying pine tree (Schenk and Benjamin 1969) . They emit pheromones (ipsdienol and lanierone) that attract other males and females (Seybold et al. 1992 , Miller et al. 1996 , re-sulting in the formation of breeding aggregations. Each male in a breeding aggregation typically attracts three females (Schenk and Benjamin 1969, Reid and Roitberg 1994) . Females extend egg galleries away from the nuptial chamber, depositing eggs singly along both sides of the gallery (Schenk and Benjamin 1969) . Here we consider Þve reproductive processes: number of females per male, egg gallery length, number of eggs per gallery, egg density, and distance to the Þrst egg in a gallery as a function of forest thinning.
Materials and Methods
We conducted this study near Whitecourt, Alberta, Canada (54 o N, 115 o W), at four sites that each consisted of one thinned mature lodgepole pine stand and a matched unthinned stand. Stand ages were from 60 to 100 yr old. Thinned stands were in their Þrst or second year after thinning (n ϭ 1 and 3, respectively) at the time of our study. Tree densities (ϮSE) were 841 Ϯ 171 trees/ha and 2,346 Ϯ 371 trees/ha for thinned stands and unthinned stands, respectively. Thinned stands had maximum weekly temperatures (ϮSE) that were 1.96 Ϯ 0.20ЊC higher than their unthinned counterparts, with overall mean maximum weekly temperatures (ϮSE) across our sites of 24.7 Ϯ 0.75ЊC during the course of this study (Hindmarch and Reid 2001) .
To provide a breeding substrate for pine engravers, we placed four logs in each stand. We felled two pine trees in each thinned stand, and from each tree two logs were placed in that thinned stand and its unthinned counterpart. Logs were two m long and 14.4 Ð 21.1 cm (mean Ϯ SE ϭ 16.6 Ϯ 0.6 cm) in diameter. We placed the logs at least 20 m apart in randomly chosen locations within each stand. We baited the logs with racemic ipsdienol and lanierone (supplied by Phero Tech, Delta, BC, Canada) to make them more attractive to pine engravers. The release rates for ipsdienol and lanierone were Ϸ110 g/day and 10 g/day, respectively. These pheromones are expected to be biologically important in our population of pine engravers. In adjacent geographic areas (central British Columbia and southwestern Alberta), pine engravers produce and respond to both enantiomers of ipsdienol (Miller et al. 1996 ; M. Dominigue, State University of New York, personal communication). Lanierone is produced by pine engravers in southern Alberta (M. Dominigue, personal communication).
We excavated up to 25 contiguous gallery systems (i.e., a male with females) on each log at the end of the breeding season after most beetles had left. Sometimes the number of gallery systems on logs in unthinned stands was fewer than 25, in which case we excavated all of the gallery systems (mean log-level density of gallery systems (ϮSE) ϭ 1.27 Ϯ 0.16 galleries/100 cm 2 and 0.067 Ϯ 0.015 for thinned and unthinned stands, respectively). Only one gallery system was found on two logs in unthinned stands, and these logs were therefore excluded from analyses.
We calculated local male breeding density within each aggregation that was excavated as the number of galleries excavated divided by the total area excavated. It is at this scale of potentially interacting galleries that density is expected to exert its competitive effects that may inßuence reproductive characteristics. We analyzed local male breeding density as a function of stand type (thinned versus unthinned) as the main effect using analysis of variance (ANOVA) that controlled for differences between sites and trees (nested within site). We controlled for tree effects as they have been identiÞed as being important in other studies on pine engraver reproduction (Reid and Robb 1999) .
To determine the effects of thinning on male reproduction, we counted the number of females mated to each male. Because males arrive at a breeding aggregation within a short period of time (Schenk and Benjamin 196) , we considered each log to be an experimental unit. We analyzed the mean number of females mated to each male on a log as a function of stand type (thinned versus unthinned) using ANOVA that controlled for differences between sites and trees (nested within site).
To determine the effects of thinning on female reproduction, we measured gallery length, number of eggs, egg density, and the distance to the Þrst egg in a gallery where it was possible to do so. Due to the many combinations of male density in each breeding aggregation and the number of females mated to each male, there was the potential for a great number of situations that might uniquely inßuence female reproduction. Therefore, we considered each female to be an experimental unit. We analyzed gallery length, number of eggs, egg density, and the distance to the Þrst egg in a gallery as a function of stand type, with density of males in each breeding aggregation and the number of females mated to each male as covariates using analysis of covariance that controlled for differences between sites and trees (nested within site).
When necessary, data were transformed to meet assumptions of the tests being used. Least square means are reported Ϯ1 SE.
Results
Local male breeding density did not differ signiÞ-cantly between thinned and unthinned stands (F ϭ 2.80; df ϭ 1, 21; P Ͼ 0.1; ln-transformed mean local male density in thinned stands ϭ 0.45 Ϯ 0.45 males/ 100 cm 2 , n ϭ 4 stands; unthinned stands: Ϫ0.24 Ϯ 0.26 males/100 cm 2 , n ϭ 4 stands). There were also no differences in male density among trees or sites (F ϭ 0.24; df ϭ 4, 21; P Ͼ 0.9, and F ϭ 1.56; df ϭ 3, 21; P Ͼ 0.2, respectively).
However, the number of females mated to each male was signiÞcantly greater in thinned stands than in unthinned stands (F ϭ 15.73; df ϭ 1, 21; P Ͻ 0.001; mean number of females per male in thinned stands ϭ 2.39 Ϯ 0.10, n ϭ 4 stands; unthinned stands: 1.79 Ϯ 0.11, n ϭ 4 stands). There were no differences among trees or sites (both P Ͼ 0.05).
Therefore, the total density of beetles (males plus females) was expected to be higher in thinned stands than in unthinned stands. We analyzed the total density of beetles in the same manner as local male breeding density (see above). Total density of beetles did not differ signiÞcantly in thinned and unthinned stands (F ϭ 4.35; df ϭ 1, 21; P ϭ 0.05; ln-transformed total density of beetles in thinned stands ϭ 1.67 Ϯ 0.29 beetles/100 cm 2 , n ϭ 4 stands; unthinned stands: 0.77 Ϯ 0.32 beetles/100 cm 2 , n ϭ 4 stands). There were no differences between trees or sites (both P Ͼ 0.2).
For individual females, gallery length, number of eggs, and egg density were signiÞcantly greater in thinned stands than in unthinned stands ( Fig. 1 aÐ c ; F ϭ 36.89; df ϭ 1, 1359; P Ͻ 0.0001, F ϭ 13.85, df ϭ 1, 929; P Ͻ 0.001, and F ϭ 11.31, df ϭ 1, 920; P Ͻ 0.001, respectively). The distance to the Þrst egg was not different in thinned and unthinned stands (Fig. 1 d; F ϭ 2.79, df ϭ 1, 796; P ϭ 0.1).
The effects of male density differed among our measures of individual female reproduction. Gallery length was not affected by male density (F ϭ 0.01, df ϭ 1, 1,359; P Ͼ 0.9), whereas the number of eggs and egg density increased with male density (F ϭ 5.26, df ϭ 1, 929, P Ͻ 0.05 and F ϭ 13.66; df ϭ 1, 920; P Ͻ 0.001, respectively), and the distance to the Þrst egg in a gallery decreased (F ϭ 7.11; df ϭ 1, 796; P Ͻ 0.01).
Similarly, the number of females per male had variable effects on individual female reproduction. Gallery length decreased with the number of females per male (F ϭ 9.05; df ϭ 1, 1359; P Ͻ 0.01), whereas egg density increased (F ϭ 5.11, df ϭ 1, 920; P Ͻ 0.05). The number of eggs and the distance to the Þrst egg in a gallery were not affected by the number of females mated (F ϭ 0.07, df ϭ 1, 929; P Ͼ 0.7 and F ϭ 0.93; df ϭ 1, 796; P Ͼ 0.3, respectively).
Gallery length, number of eggs, and egg density all differed among trees (all P Ͻ 0.05), but the distance to the Þrst egg in a gallery did not (P ϭ 0.1). Upon visual inspection, tree effects did not match with log diameter. Therefore, we cannot comment further on the reasons for these effects. There were also significant differences among sites in gallery length, number of eggs, egg density, and the distance to the Þrst egg in a gallery (all P Ͻ 0.001).
Discussion
Forest thinning affected reproduction by adult male and female pine engravers breeding in fallen trees. Males attracted more mates, and females had longer egg galleries, more eggs per gallery, and higher egg densities in thinned stands than in unthinned stands. These results would not be expected from studies of the effects of thinning for bark beetles breeding in live trees, where thinning is used to reduce the success of bark beetles. Increased tree vigor and defenses in thinned stands is a main hypothesis for the success of thinning in deterring bark beetles from attacking live trees (Mitchell et al. 1989) . Because active defense was absent in our study of dead trees, the difference in our results may be attributable to the state of the trees.
An alternative explanation for the effectiveness of thinning against bark beetles is changes in stand microclimate, where increased temperature and wind following thinning are thought to be the deterrents (Amman et al. 1988; Bartos and Amman 1989; Schmitz et al. 1989 Schmitz et al. , 1991 Schmitz et al. , 1992a Schmitz et al. , 1992b Bartos and Booth 1994) . Our study does not support these microclimate effects. In terms of temperature, our results are more consistent with laboratory studies that show increased reproductive rates with warmer temperatures. Females had longer galleries and laid more eggs at a higher egg density in thinned stands than in unthinned stands, just as seen in laboratory studies on the effects of increased temperature for other bark beetle species (Reid 1962 , Amman 1972 , Sahota and Thomson 1979 , Wagner et al. 1981 , Wermelinger and Seifert 1999 .
However, many of the laboratory studies investigated the effects of temperature at a coarse scale of Þve degree increments (Reid 1962 , Amman 1972 , Wagner et al. 1981 , Wermelinger and Seifert 1999 , while temperature differences in our thinned and unthinned stands were generally small (1 or 2ЊC), albeit signiÞcant (Hindmarch and Reid 2001) . The effects of increased temperature in thinned stands may also be mitigated by the lower night time temperatures experienced in these stands due to the lack of thermal cover resulting from reduced crown closure (Schmid et al. 1991) , although this should be less biologically signiÞcant than increased daytime temperatures (Ruel and Ayres 1999) . Therefore, increased temperature may not be the only change associated with thinning that inßuenced reproduction in pine engravers.
As other studies of thinning have found, our thinned stands were windier than our unthinned stands (Hindmarch and Reid 2001). However, unlike previous studies of tree-killing species (Schmid et al. 1995) , greater wind corresponded to a substantive increase in the number of pine engravers and other bark beetles captured in pheromones traps in thinned stands relative to unthinned ones (Hindmarch and Reid 2001 ). In the current study, the number of males and females settling on logs was also higher in thinned stands. Consequently, wind did not detectably hinder, and indeed may have helped, beetles to locate breeding sites (Fares et al. 1980 , Elkinton et al. 1994 . Thus, the role that wind plays in deterring bark beetles remains unclear.
While the number of galleries per log was higher in thinned stands than in unthinned stands, the local density of males and the total local density of beetles, which would affect individual females, did not differ signiÞcantly between thinned and unthinned stands. Furthermore, effects of thinning were seen even when the small variation in density was taken into account. Finally, females had longer egg galleries in thinned stands than unthinned stands, while differences in log-level density between the two stand types would predict the opposite result (Robins and Reid 1997) . Therefore, male and female reproduction is determined by differences in the forest environment asso-ciated with thinning other than through effects on breeding density.
Differences in female reproduction in thinned and unthinned stands may be attributable to differences in individual quality (i.e., fat content and size) resulting from easier dispersal in thinned stands than in unthinned stands (Hindmarch 1999) . Long galleries with more eggs are expected from high quality females (Amman 1972 , Clarke et al. 1979 , Wagner et al. 1981 . Similarly, the increased number of females mated to each male in thinned stands may be due to differences in individual quality of males, because high quality males produce more pheromones than do low quality males (Anderbrant et al. 1985 , Gries et al. 1990 ), thereby increasing their attractiveness.
Not all of the reproductive trends that we saw can be explained in terms of differences in temperature or individual quality of beetles in thinned and unthinned stands. The distance to the Þrst egg in a gallery did not differ signiÞcantly between thinned and unthinned stands. Sahota and Thomson (1979) found that the distance to the Þrst egg decreased as temperature rises. Similarly, the distance to the Þrst egg is expected to decrease with fat content because energy reserves are available for immediate egg production upon arriving at a host. However, the increased number of females mated to each male may have resulted in these trends being minimized because females wait longer to lay their Þrst egg in crowded conditions (Kirkendall 1989, Reid and Robb 1999 ). Yet, the number of females mated to each male did not have a signiÞcant effect on the distance to the Þrst egg.
Interestingly, pine engravers in Arizona responded to thinning with opposite effects on reproduction to those in our study (Villa-Castillo and Wagner 1996) . In thinned stands in Arizona, compared with unthinned stands, gallery densities were lower, and galleries were shorter (Villa-Castillo and Wagner 1996) . We suggest two possibilities for the contrasting results in the Arizona study and our study. First, the effects of thinning may vary by geographic region. Our study was conducted in a northern location where higher temperatures resulting from thinning may be advantageous or neutral rather than deterrents. Second, the effects of thinning may vary by the size of the logs colonized. In the Arizona study, pine engravers formed breeding aggregations on logs that were only 12 cm in diameter compared with Ͼ16 cm diameter in our study, and the phloem of these smaller logs might be more susceptible to the moisture loss that Villa-Castillo and Wagner (1996) identiÞed as an important process.
Overall, it appears that reproduction in pine engravers breeding in fallen trees may be inßuenced by increases in temperature and individual quality resulting from decreased dispersal costs due to thinning. Although we did not measure offspring emergence, the increased male mating success, egg gallery lengths, and egg density and number in thinned stands relative to unthinned stands all suggest that reproductive success was enhanced by thinning (cf. Reid and Robb 1999) . These results are in contrast to those expected from previous work on tree-killing bark beetles, particularly Dendroctonus ponderosae Hopkins, where thinning has been proposed as a management tool to limit bark beetles due to changes in microclimate, especially increased temperature (Mitchell et al. 1983 , McGregor et al. 1987 , Schmitz et al. 1989 , Villa-Castillo and Wagner 1996 . Because there are many differences between our study and previous ones, including beetle species, breeding preference for live or dead trees, and geography, it is difÞcult to reconcile the conßicting results. Instead, this study suggests caution in the use of thinning as a management tool for controlling bark beetles until the mechanism(s) for its effectiveness are better understood.
